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1. INTRODUCTION

011 well leaks and spills from damaged tankers are sources
of pollution that can contaminate beaches and destroy marine
life. The recent leaks in the Santa Barbara Channel and the
breaking up of the Torrey Canyon have led to increased emphasis
on the urgent need to develop systems to contain spilled oil and
to remove it from the ocean surface, Obviously, it is most de-
sirable to prevent similar occurrences in the future. Unfortu-
nately, experience shows that even our best efforts cannot pre-

vent the occasional occurrences of major maritime disasters by

human error, mechanical failure and environmental stress. Thus,
the potential for incidents involving massive o1l spills will
remain with us and special techniques and equipment to facilitate
their removal from both coastel and inland waters will be re-
quired.

0il naturally tends to spread rapidly to form & thin film
over the water surface. Environmental conditions of wind, cur-
rent and waves only serve to augment this tendency. In order
to efficiently recover oil from the water surface it must first
be collected and/or contained in s small area with a relatively
thick film. Many candidate collection and retention systems
have been proposed and, undoubtedly.many more will be inver.ted
in the near future. In particular, many forms of floating oil
wetention booms have been proposed to prevent the spreed of oil
slicks.

et e
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There are currently several oil boom designs on the market.
These bocms have been used successfully to retain oil and other
debris in relatively sheltered waters. However, attempts to use
existing hardware off-shore at Santa Barbara were severely ham-

pered due to mechanical failure of the oil booms.

HYDRONAUTICS, Incorporated, under the sponcsorship of the
U, S. Coast Guard, has undertaken a study to provide basic gquan-
titative engineering data on the performance of o0il retention
booms i a seaway. The aim of this resulting report 1s to pro-
vide designers and evaluators of oil retention booms with in-
formation and data to aid in the prediction of boom loads, shapes,
and motions. In particular, the research is intended to provide
information which will aid in answering the following questions:

1. What are the local loads in an o0il retention boom
and what are the end 0i* mooring loads in the

presence of wind, currents, snd seas?

2. What will be the overall configuration assumed by
an oil boom under the loads imposed by the sea?

3. What are the motions of the boom in a seaway?
In particular, will the boom ever be completely
immersed by a wave crest or 1lift clear of a wav-
trough permitting oil to escape?

4, What are the maximum local stresses in an oil
retention boom and where slong 1ts length will
these occur? ' '

[
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The study is primarily a theoretical analysis of the o1l
retention boom to provide information on a large varliety of boom
configurations and sea conditions. This theoretical analysis 1s
backed up by the results of an experimental program. Towing
tank tests conducted on sclected boom configurationshave provided
information which serve: to check the accuracy of the theoretical

analysis.

The analytical method that was developed was programmed for
‘an IBM 1130 computer and this program used to generate data for
0il booms varylng several controlling parameters.

2. THEORETICAL ANALYSIS

The compleie analytical solution for the motions and loads
on an oil retention boom of arbitrary configuration subjected to
the loads of wind, current, and an irregular sea is a formidable
task. The problem is difficult becsuse of its highly nonlinear
nature and the large number of parameters involved,

'The important parameters in determining the performance of
an oil retention boom can be divided into four groups., These
are physical properties, hydrodynamic properties, mooring con-
ditions and environmental conditions. Twenty-seven varlables
are included in the four groups. These are listed in Table 1.

A ot o ot et o s 5 R,




HYDRONAUTICS, Incorporated

-4

TABLX 1.- PARAMETERS AFFECTING BOOM PrRFORMANCE

Phyeical Properties

C(rosus pectional shape

Specific gravity

Center of gravity loccation

Shear center locatlon

Tens!le meduius of elasticity, E

Shear modulus cf elasticlty, G

Vertical section moment of inertls, I,
Horizontal section moment of inertia, Iy
Polar section moment of inertia, J
Effective structural cross-sectional ares, A
Absolute cize

Length

Hydrodynamlc Propertiza

S«in friction coefficlent

D-ag coefficlent for flow normal to toom axis
(sume as horizontal demping coefficient)

Vert! al damping coefficient

Hordizortal added mass coefficlent

Vept?ast sdded maca coefficient

fYote: Theae must bue delined for poth thst portion of i
voom in the pir 83 well 83 the perticn in thue weter,
snd,in zeneral, these are all non-linear functions
vf the lcwai hoom poaltlore).

Mcoring vonditions Environmental Tonu'tler.
Mooring :onflazurstion {(specing Wind strength

ant orfentation t9 the gen) ¥Wind dire:tiorn
Mo:rink spring ccnatants Current strength
Moorring damping ~cefficlients Current direcotion
Moorirg effe:tive masnes Weve apectrum

Dominant wave Jiprcctiorn
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2.1 Dimensional Analysis

The effective number of variables involving boom
properties can re reduced by non-dimensionalizing. In order to
do this, non-dimensional parameters must he found that relate
the stiffrness of the boom to the buoyant and dynamlic forces
scting on 1t in such a way that the correct reiation betwesn them
is maintained., The deflection of the hkoom can be non-dimension-
ailzed by expressing the deflection in terms of a characteristic
length. Thus:

8 FL2

- e 3
= K78 (1)
where

B = deflaction, ft

L = 2 characteriatic length, ft

K = @& function of the load distribution and boundary

conditicns of the boom,
¥ = upplled load, 1lb
E = modulus of elascicity, 1b/ft?, and

1 = sgection mument of inertia, ft*.

Sinze toth buoyant and dynamic forces are involved, they
must be non-dimensionalized In such a way that their relasrive
magnltude compared to the elasti~ stiffness (EI) of the toom !s8
maintgined. The buoyant and dynamic forcea must, of course, bhe
kept ‘n proper proportion relative to each other. For example,

2 wave pascling the boom will change the immerslon of the hoom
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and thus change the buoyant force on the boom. The wave also
has orbital velocitles assoclated with it and will thus induce

dynamic forces proportional to the Froude number squared.

2

(Froude number)® = g (2)
gL
where
V = a characteristic velocity (wind or current),
ft-sec™t
g = gravitational acceleration, ft-sec™?

Thus, to maintain the proper relation between dynamic and buoyant
forces, the Froude number must be constant. Since the accelera-

tion of gravity (g) is fixed:

V2« L (3)

The Reynolds number, a measure of the relative magnitude
of the dynamic forces compared to the viscous forces, must also

be considered. Reynolds number is expressed as:

(Reyrnolds number) = 2&& (4)

where
p = fluid density (air or water), lb-sec®-ft™*
L = fluid viscosity (air or water), 1lb-sec-ft-2

For a glven sea condition p and u are fixed; thus, for a con-

stant Reynolds number:
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1
V"‘f (5)

This result is, of course, incompatible with Equation (3).
‘Fortunately, the maJjor influence of viscosity is only to modify
the dynamic coefficients. The magnitude of thls effect 1s usually
small compared to the influence of the buoyant forces., In fact,
within the range of practical boom sizes (say 2 to 10 feet 1n
height) the influence of a change in Reynolds number will be
negligible.

Non-dimensionalizing can therefore be accomplished using
the Froude number to provide the required relation between dy-

namic and buoyant forces, 1.e., between V and L.

The buoyant forces Fp are proportional to 12, The dynamic
forces of wind Fa and current Fw are proporticnal to V2L2,
Therefore, boom deflections due to buoyancy 6B, wind Ba and cur-
rent Bw can be expressed non-dimensionally with the aid of Equa-

tions (1) and (3):

8 F_L?
B _ B L
T = K3 7E EI

2
%y 2 L
L  Ta EI EI
2
L (6)
L w EI EI

o . . i ——

-t

i o U e
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Thus, geometrically similar booms of different absolute
size will behave the same if the ratio LS/EI 1s maintained and
wind and current velocities are adjusted proportional to V L.

Absolute size can now be eliminated as a parameter if we

deflne non-dimensional parameters:

Stiffness, S' = EL .
ngL
%pAVa2L4
Wind speed, Vé' = \/ —E
3p, v °L*
| -
Current, Vw = BT

Wave height, h' =%

where

Py density of water,

Pa density of alr, and

h = Wwave height.

To apply this scaling to the real sea one further assump-

tion 1= made. That 1s, that the scaled energy distribution of
the waves in one sea state is the same as in another sea state,

(e.g. sea state 3 is a scale model of, say, sea state 4).
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i While this non-dimensionalizing 1s, of course, not necessary,
k 1t does provide a useful framework for comparing the performance
of booms of slightly differing sizes. ' 4

It was originally planned to carry out both a static analysis
(constant wind and current with no waves) and a dynamic analysis
with a single numerical solution technique programmed for a digi-
tal computer. This technique would provide a three-dimensional
solution and would include the most important non-linearities.
While such a program 1s feasible, diffliculties encountered in
developing a satisfactory computational procedure precluded de-
velopment beyond the static solution. A linearized analysis was
therefore developed to predict the dynamic performance., A de-
scription of both the static and the dynamic analysis follows.

An explanation of the equations involved is presented in Appen- 4

dix C for the static solution and in Appendix D for the dynamic
solution.

2.2 Static Analysis ‘

The type of oll retention boom treated is a continuous
elastic beam floating on the water surface, The water surface 4
13 assumed flat (no waves) so that the only environmental loads
imposed on the boom are from wind and current. The boom ls

divided into a large number of imaginary elements, each of which {
13 assumed sufficiently short so that angular deflections within
i{ts length are small, and so that classical linear beam theory
will, therefore, be valid in computing the deflections of each
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element, It has also been assumed that torsional deflections of
the boom are sufficlently small so that they produce negligible
changes in the horlzontal and vertical sectional properties of

the boom.

Some important non-linearitles are included in the static
analysis and should be noted. First, the classical beam deflec-
tion and equilibrium equations have been modified to include the
influence of the tension on deflection. The non-linear coupling
of tension and deflection 1s necessary to permit the solution for

booms of small or negligible stiffness.

In general, large deflectlons are required of the entire

boom configuration. Therefore, in order to correctly resolve

the loads and map the complete boom configurations, it 1s neces-
sary to include all trigometric relations in the equations. These
trigometric relations not only make the equations non-linear but
produce additiocnal coupling between the force veriables and the

position variables.

A third type of non-linearity is encountered in computing
the hydrodynamic and hydrostatic ioads acting on the boom. These
loads are based on the position and orientation of the.middle of
vach individual element of the boom. Hydrostatic loads are de-
termined'by computiﬁg the actual displaced volume of each element and
rtake full account of its cross-sectional shape. Hydrodynamic
a:i aerodynamic loads are computed separately in a direction
tangeniial to the boom axis and normal to the boom axis. To do
this, the flow velocity (air and water) is resolved into com-

potents tangential to and normal to the boom axis, Tangential
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loads are b

friction cod 'lent (Cf). Normal loads are based on the frontal

nt and a drag coefficient (C ). In computing ! :

the data pr 'kd in Appendix A, C_ and CD were taken as 0.0% and

f

1.00 respec for the portion of the boom in air as well as

}Frojected area (in water and in air) of each

element. THHE Prque 1s then taken to be the hydrodynamic or

aerodynami al load times the distance between their respec-
tlve cente _ ‘pressure and the boom shear center. Of course,
hydrostati ﬂ stability and torsional stiffness of the boom
are also 1 d in the calculations.

h
iy

tpequires the simultaneous solution of four types

i

hese equations, along with a complete description, <
are presen
the functif
lowing par

1 Appendix A, However, a brief description of

“each type of equation is presented in the fol-

3\ rs ‘
] " {

The 1 Tﬁype of equations are the six "equilibrium" egua-

tions. THHHHluations relate the forces and moments on one end

*b the forces and moments on the other end of the
:‘s of the deflections and applied loads. They

h element of the boom, and thus the entire boom,
um such that all the externally applied loads are
ernal atructura' loads.
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The second type of equations are the six "deflection"
equations. These express the deflection of each element in terms
of the applled loads and the structural forces and moments on the
ends of the element which are transferred from the neighboring

elements.

The third type are the six "shape" equations. These relate i
the position of one end of each element to the position of the ’
other end in terms of its angular position and the deflections §
within the element. They insure that the end of each element
nas the same position and orientation in space as the end of the
mating element. That is, the boom forms a smooth continuous

curve,

These 18 equations are applied to each element and are suf-
ficlent to solve for all the internal loads, deflections, and
overall shape once the applied loads and mooring conditions are
known. The mooring conditions are specified in the fourth type
of equations, the "boundary condition" equations. There are 12
of these equations, 6 for each end of the boom. These equations
form explicit relations between the forces and moments on the
ends of the voom and their location and orientation in space,

The boundary conditions applied to all data in Appendix A are:
(1) the ends of the boom must be located at specified positions
(the vertical position is specified to be at the equilibrium
waterline), and (2) that there be no bending moments or torque
at the ends (i.e., a flexible connection between the boom and

its mooring),

AR it i
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A boom represented by N elements will have 18 N + 12 simul-
taneous equations to be solved. Since 10 elements were used in
obtaining the results presented in Appendix A, i1t was necessary

to solve a set of 192 simultaneous equations for each case.

The numerical solution of these equations is carried out on
an IBM 1130 digital computer. The computational technique must,
of course, possess mathematical stability if the solution is to
converge, This stability depends on how the non-linear terms are
treated, how the 2quations are normalized, and the order in which
the computations are carried out., Considerable difficulty was
encountered in obtaining a stable solution for all boom configu-
rations. This was particularly true for solutions involving
booms of low but finite stiffness. It was found necessary to ex-
press the equations in the form of a linear, small amplitude
perturbation about an assumed solution, and to include deriva-
tives of all applied load functions with respect tc boom position.
The result 1s a set of linear simultaneous equations which are
presented in Appendix C.

These equations have been arranged in matrix form and are
30lved using Oauss' reduction method (Reference 1). Because of
the necessity of expanding non-linear terms, an iterative calcu-
lation procedure is required. In each iteration the previously
computed configuration is used as the assumed configuration in 3
the expanded terms., The calculations for the hydrodynamic loads

& i 7

on the boom, which are a function of the toom position, are
btesed on the boom position in the previous iteration. Initial




HYDRONAUTICS, Incorporated

-14-~

conditions are provided by assuming the boom floats at its equi-
librium waterline and lies in a specified curve between its moor-
ings. In the cases where the boom was relatively stiff compared

to the applied loads,a circular arc curve was used as the initlal

curve. In cases where the boom was relatively limber, the curve
assumed by a boom of zero stiffness was used to reduce the number
of iterations required for convergence. These zero stiffness

curves were obtalned from Reference 2.

Typically, four iterations were required to obtain satis-
factory convergence. With the boom divided into 10 elements this
required about 15 minutes of computer time; an additioneal 15
minutes were required to automatically plot the results. Thus,

a total of about one half hour of computer time was required to
produce the results for each csse presented in Appendix A.

2.3 Dynamic Analysis

A continuously elastic oil boom floating on the water
surface is again treated. However, the non-linearities which
were included in the static analysis are not included in the dy-
namic analysis. It is assumed that the basic boom geometry
(planform) is the result of the steady wind and current loads
as computed in the static analysia. The waves are assumed to
he long crested and to cause only small oscillatory perturba-
tions about this basic shape., It is further assumed that the
radivs of curvature of the doom under steady loads is large




HYDRONAUTICS, Incorporated

-15-

compared to the radius of curvature from wave induced motion so
that, at any point on the boom, the wave induced motions and
loads will be statistically the same as those on an infinitely
long straight boom with the same mean tension and orientation to
the sea. The latter assumption requires fluctuations in tension
from waves to bhe small compared to the mean tension imposed by
wind and current. These assumptions permit a dynamic solution

to be linearized about the steady-state solution.

The problem is formulated separately in the vertical and
horizcntal planes. The governing equations in both planes are

linear, fourth order differential equations. These are presented
as Equations [D-4]) and [D-21] in Appendix D for the vertical and
horizontal planes respectively. These equations are solved to
obtain the unit response operator of the boom as a function of
wave frequency. i

To obtain statistical information it is necessary to have
a8 representation of the spectral energy density as a function of
wave frequency in the desired sea conditions. We have selected
the Pierson-Moskowitz spectrum which is given by Equation [13].
The spectral uensity of any desired quantity at any wave fre-
quency 1s obtained from the product of the square of its unit
response amplitude and the emplitude squared spectral density
of' th2 wave spectrum. The root-mean-square amplitude is then
found by integrating to find the square root of the ares under
the curve of spectral density. Finally, the statistical prop-

erties of the Rayleigh distribution formula are used to rind
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the average, average of one-third highest, average of one-tenth
highest, and maximum expected value for each desired quantity.
The complete formulation for these 1s presented in Appendix D.

The output of tﬁe dynamic analysis gives the above statis-

tical values for the following quantities as a function of the

bhoom properties, boom tension, sea state, and orientation to the

Sea.

Vertical Plane:

Resonant Frequencles
Absolute Vertical motion of boom (Displacement)

Bending Moment

Shear
Relatlve Vertical motion between the bcom and the

Water Surface (Immersion)
Slope

Curvature

Horizontal Plane:

Resonant Frequencilex

Absolute Horizontal motlon of boom (Displacement)
Bending Moment

Shear

Slope

Curvature

il Do e el L
i i e P el iiv;umm‘
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Maximum loads on the boom are obtained by adding the static
and dynamic loads {bendirg moment and shear) separately in both
the vertical and horizontal planes. These are then combired by
taking the vector sum of both components (i.e. the square root
of the sum of the squares).

A limitation of this linearized approacn is that statisti-
cal information on fluctuations 1n tension cannot be cbtalned.
However, an empirical relation has been developed to estimate
the average tension at the ends of the boom. This relation is
given in Equation(1%#)and reflects the increase in boom drag due
to the orbital velocity of the waves,.

Results of the dynamic calcnulations are presented in Ap-
pendix D,

3. OIL BOOM MODEL TESTS

To verify the results of the analytical study of Phase I,
a model test program was conducted in the HYDRONAUTICS Shilp
Model Basin. A descriptlion of the model, tect procedures, and

results {ollows:
3.1 The Model

A scale model of an oil boom must be dynamically as
well as geometrically similar to the prototype. To satisfy dy-
ramic (Proude) scaling, the "bending s:iffness" EI and "tor-
sional rigldity" GJ of the model must be scaled to the fifth
power of the scale ratlio A:
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% %
AM=p =T (8)
m m

where ,

= diameter, ft

Length, ft

= subscript denoting "prototype", and

3 © O
n

= subscript denoting "model".

A non-dimensional stiffness S' may be defined that must be con-

stant for both model and prototype:

. EI EI
'= 3
i ( st) ( gDs) )
peD®/ \peD/
where
p = mass density of water, slug-ft~>
g = acceleration of gravity, ft-sec™@
Thus,
(EI) P
(E1), = —F X (10)
A Pp
Similarly,
J GJ
ng(Gs) = 5) (11) l
peD” |, pgD b !




Eitadie

p g

HYDRONAUTICS, Incorporated

R

-19-

The ratio pm/'pp in Equation (10)is a correction for the dif-
ference in density of fresh water (model) and salt water (pro-
totype) ~ 0.97.

The bending stiffness and torsionail rigidity of a realistic
01l retention boom model are quite small due to the dynamic
scaling criterion. The model boom must be extremely flexible to
simulate a full-size boom. To achieve this flexibility with
materials that were readily avallable, the model boom was fabri-
cated of wooden 15-inch long cylindrical segments connected 0y
1-inch Joints of polyvinyl chloride (PVC) tubing. A1l flexing
of the model occurs in the 5/8-inch diameter Joints. The model
consigts of 19 segments and 18 Joints, glving a tctal model
length, L = 25,25 ft.

The segment diameter = 3.60 inches. However, the ends of
the segments are tapered witn 450 cones to permit the Jjoints
to bend to 9n°,

Each segment has four slots evenly spaced around its
perimeter to hold inserts. The inserts are of steel or wood

and are exchanged to effect changes in model density and center
of gravity,.

Figure 1 1s a photograph of the model showing the details
of construction.

L g . N - —
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The model was bullt to simulate a continuous oil boom con-
structed with a thin elastic skin inflated to a 6-foot diameter
and ballasted with water. Of course, the model mdre closely
simulates a segmented oil boom in which the flexibility is con-
centrated at the Joints.

The model parameters were chosen to be representative of a
realistic oil boom configuration. However, thé corresponding

prototype 18 not necessarily a viable design.

The bending stiffness, EI,and torsional rigidity, GJ, of
the 01l boom prototype and model (where A = 20) are tabulated

below,

TABLE 2. - OIL BOOM CHARACTERISTICS

Model Prototype
L, ft. 25.25 505.0
D, ft 0.30 6.0
EI, 1b-in? 29.0* 95.6 x 10°
GJ, lb-in® 27.4" 90.5 x 10°
*Note: Effective value.

The values of EI and GJ are given as effective values for the
model, 1.,e,, the .**ffness of the Joint is adJjusted by the rel-
ative lengths of the Jjoint and the model segment to obtain the

stiffness equivalent to a model boom having centinuous flexibility.
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The effective bending stiffness and torsional rigidity of
the model may be expressed as dimensionless quantities to elimi-

nate absolute size as a parameter (see Equation (9)):

L' = L/D = 84.1

L1 S 1.33
pgD®

R' = GJ_ _ 1.26
pgD®

The model was tested in four conditions of ballast. These
conditions are given as dimensionless quantities in Table 3.

TABLE 3. - MODEL BALLAST CONDITIONS

Model Designation A B C D

YW /pgrLD? 0.700 | 0.700 | 0.625 | 0.625 ?
CG/D 0.096 | 0.049 | 0.055 | 0.107

H/D 0.742 | 0.742 | 0.672 | 0.672

AF/LD 0.683 | 0.683 | 0.608 | 0.608

where
W = mndel welgnt, 1b
CG = distance from boom axis to center of gravity, ft
= draft, ft
Ap = frontal ares, rt? (see Figure 2). ’

"ol b s
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3.2 Test Procedures

The 01l boom model was tested in the HYDRONAUTICS
Ship Model Basin 1in both calm water (steady state) and irregular
long-crested waves. The model was towed, to simulate ocean cur-
rents (relative to the oill boom mooring system), at nominal speeds
of 0.25, 0.50, and 0.75 fps. Corresponding full scale currents
are 0.66, 1.33, and 1.99 knots, respectively.

The model was towed with® elastic mooring lines 5.42 ft.long
attached to the ends of the model. These were used in order to
transmit a nearly constant (due to the very low spring constant)
towing force to the model. In this manner, the effects of car-
riage surge were damped out and the model speed (current) was

held more nearly constant.

The boom mooring was symmetric in all tests, i.e., the line
intersecting the two mooring points is at right angles to the
current. The spacling between the mooring points ori the towing
bar was adjustable from O to 15 feet. A spacing of 8 feet was
chosen to represent a "fixed" mooring. This represents a con-
dition where the full scale oil boom is moored to buoys or cother
fixed moorings which are spaced 160 rt. apart and symmetric to
the flow. In other tests the mooring spacing was adjusted %o
simulate "drogue" mooring i.e.,, where the oil bocm 13 attached
to drogue anchors thst have no transverse resistance so that the
mooring lines are parallel to the flow. Thus, in these tests,
the spacings between the mooring points and between the boom
ends are equal.

pr—,
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(towing force) of the o1l boom was measured by a
=f'e1uctance type modular force gage upon which the towing

;unted. The gage capacity 1s 10 1lb, but the forces in-
)
{/'these tests ranged from only 0.1 to 1.0 1b. A low

3 ‘t'noise ratio was a result of carrlage-induced vibratiocns
in t‘ i ﬁ”ing bar and the low drag forces involved. However, by

intea jg rg the gage output over long time periods (50 sec), the

;J-nt of the signal was effectively separated from the
noisH{{flffhese average (integrated) drag readings were repeated
|

Himes during each test and showed to be reliable to with-
in ; -linﬁb.

1 40,
%,,!Ighape of the oll boom in the horizontal plane was re-
cor ;} ’ Btographically. The still camera was located about

Y’ aHove the water surface. Typical photos of the hoom in
r and in waves are shown in Figure 3. The grid in these

8 made of cords spaced at 2 ft. intervals in a plane
;above the water level.

gular long-crested waves are generated by a wedge-
unger at one end of the towing tank. Significant wave
8lld the spectrum of wave energy are controlled by a

g'at different frequencies and in random phase., The ir-
ﬁignal generated by the system can be repeated by re-
,t*o the same initial phases between potentiometers, The

puld ordinarily repeat only after about an hour in

e
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The tests in waves were conducted so that indlvidual runs
(in the same sea state) were made over a similar irregular wave
profile. The wave profile, with respect to a point on the
towing carriage, was measured by a sonlc probe and recorded on
a visicorder. The profile was recorded for about two minutes
during the first run in each of the three significant wave

heights §§ (sea states). FKRecords were not produced during suc-
ceeding runs,

Two movie cameras were used to record the motions of the
011 bcom when towed in h2ad seas (all tests in waves were con-
ducted with current and waves running in the same direction).
One movie camera was mounted overhead next to the still camera
and the other was located about 5 rt. above the water and angled
to give an oblique view of the water surface. The cameras were
run simultaneously at & rate of 12 frames per second for about
55 seconds during each test.

3.3 Discussion of Test Results

3.3.1 Tests in Calm Water - The model was well-behaved
in the calm water tests, After some initial oscillations, due
to the acceleration to the desired towing speed, the boom
quickly assumed a steady shape. To simulate drogue mooring, the
mooring spacing was adjusted while underway until an equilibrium
(steady) <hape was found in which the towing lines were parallel,
i.e., the boom end spacing, SB‘ equal to the mooring spacing,

SM.
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After the boom had reached equilibrium,a photograph was

made to record the shape in the horizontal plane (see Figure 3). 4

The profile seen 1n a photograph 1s not the true boom shape be- *
cause of parallax errors.

Offsets were taken from the photographs and corrected for
parallax to obtain the profiles in Figures 4 to 9. These are
profiles of the 01l boom centerline. The coordinate system for
each profile was shifted so that the x-axls passed halfway be-
tween the boom ends and the y-axls passed through the point of
one end. The oil boom profiles were not exactly symmetrical

due to non-uniformities in the model construction and towing
lines.

The measured towing conditions for each test in Figures 4
to 9 are given in Table 4 in non-dimensional form. 1

There do not appear to be any significant changes in the
model profiles with respect to the four geometries (A, B, C and 4
D). Change in the vertical center of gravity (see Table 3) i
. would not be expected to affect the towing behavior in calm water,
A change in model density might be expected to have an effect
due to the increase in drag with greater subtmergence, However,
this effect is not readily apparent in the figures, Note that
the change in draft between model configurations is about 10
percent. A 5 percent increase in Froude number can be expected

to change the drag by the same amount as a 10 percent increase
in draft.

P
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TABLE 4. - CALM WATER TOWING CONDITIONS

Figure | Mooring Test
Number | Condition | Model| Number Py SH/L SB/L T/L Cp

4 Pixed A 1 0.2360 | 0.3168 | 0,2966 | 0.2976 | 0,215
B 18 0.2360 { 0,3168 | 0.2991 | 0.3007 | 0.215
C 29 0.2410 10,3168 | 0,3070 | 0.2950 | 0.205
D 41 0.2400 | 0.3168 | 0.2951 | 0,3054 | 0.219

5 Fixed A 2 0.1570 | €.3168 | 0.3106 | 0.2662 | 0.240
B 15 0.1530 | 0.3168 | 0.3020 | 0,3155 | 0,280
c 27 0.1670 [ 0.3168 | 0.3166 | 0.2645 | 0,225
D 39 0.1700 { 0.3168 | 0.3109 | 0,3036 | 0.215

6 Pixed A 3 | 0.0750 | 0.3168 | 0.3739 | 0.2551 | 0.275
B 14 { 0.0700 | 0.3168 | 0.4364 | 0.2506 | 0.137
c 26 i 0,0800 | 0.3168 | 0.4125 | 0.2579 | 0.236
D 37 | 0.0860 | 0.3168 | 0.3634 | 0,2593 | 0.149

T Drogue A 6 0.2280 [ 0.1782 | 0.1874 | 0,2891 | 0.16%
B 17 0.2370 | 0.2110 | 0,2145 | 0.2887 | 0.170
C 30 0.2400 {0,2178 | 0.2239 | 0,2854 | 0.172
D 42 0.24860 | 0.211C | 0.2089 | 0.3010 | 0.185

8 Drogue A 5 0.1480 | 0,3037 | 0.3C66 | 0.2949 | 0.218.
B 16 0.31510 | 0.3037 | 0.2€34 | 0.2888 | 0.228
c 28 0.1650 | 0.3037 | 0.3110 | 0.2941 | 0.210
D uo 0.1640 | 0,2839 | 0.2878 | 0.2867 | 0.175

9 Drogue A ] 0.0700 | 0.5279 | 0.6208 | 0, 2872 | 0.260
B 13 I 0,0720 0.4356 | 0, 4781 | 0.2705 | 0.115
¢ 25 0,0810 | 0,478 | 0,5159 { 0,2629 | 0.315
D 38 0.0830 | 0,.4819 | 0.5188 | 0,2615 | 0.097

8“ = Mooring spacin: (towline spacing as fixed to towing carriage)

8y = Boow and spacing(towline spscing as fixed to the dboom ende)

L = Boom length

T = Towline length

P, = Proude number = V/VgL

C, = Drag coefficient (see Byuation 12)
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Significant changes in the boom profile arise from the towing
speed (Froude number) and the lateral spacing between the mooring
points. These changes are obvious 1n the figures and follow
trends that would normally be expected.

Calm water drag data are presented in Table 4 and Figure 10.

The drag coefficient is defined by

_ D
P dpviHL

C (12)

D

where

= drag, 1lb.,

current velocity, fps.,
= draft, ft.,

= boom length, ft.

BN < O
]

The drag data are shown as a function of mooring spacing, SM'

The mooring conditions, fixed or drogue, and Froude numbers are
indicated by the data point symbols. No significant effects dre f
to Froude number or mooring conditione are apparent from these

data., The model configurations are not indicated in this fig-

ure; however, they also show no effect. A dashed line is shown ;
to indicate the tendency of the drag coefficlent to incrcase as

mooring spacing increases, as should be expected.
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3.3.2 Tests in Waves - Irregular waves were generated in
the towing tank in such a way that their (amplitude squared)
spectral density S(w) would simulate the spectrum given by
Pierson-Moskowitz (Ref. 3). This spectrum may be expressed as

() (w)*

S{w) = 16.83 (w)"® e , ft?-sec {13)

where

o = frequency, rad/sec

ﬁ; = signifizant wave helght, ft., and
16.8 and 33.56 are empirical constants.

The "significant” vaiue 1s defined as the average of the hlighexte
one-third values of the porameter in question., The parameters

in this report are generally given as amplitudes., Wave heignht 1o
the exception snd is a "doubie" amplitude measured from crest tc

succeeding trough.

The wave records from the molel tests were treamted statia-
tically to :’ind the spectral density as a function of weve [re-
quency o ant the significant wave height. Three Jdifferent
"seas" were generated ard correspond, nominally,to Sea Steten i,
4 and 5. ERsch different see was used for tests at 3 differont
current as given in Table 5. The spectral densitien sre shown
in Pigures 11, 12 and 13 along with the Plerson-Moskowlitz ajp=c-
trum having the same significant wave height, The wave Jats

i ol il o
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show good agreement wlth the desired spectrum. However, it
should be noted ‘that the data points represent the wave energy
contaired in the frequency band between the data points. If
data points are calculated for more narrow frequency bands they
will show that the wave energy 1s actually concentrated at the

discrete frequencies at which energy is supplied to the wavemaker.

TABLE 5. - CURRENT AND WAVES USED IN MODEL TESTS |

3ea State 3 4 5

Significant wave helght ﬁi’ ft. | 4.91 | 6.80 |13.33

Current V., knots” 0.67 | 1.33 | 1.99

* @Given to prototype scale.

The model behavior in waves was similar to behavior in
calm water., A mean profile similar to those in calm water tests
wag assumed after starting the carriage, but the segments oscil-

+ated atout this mean proflle in response to the action of the
waves,

In Sea State 3 the boom segments did not submerge. Water
occasionally washed over segments of the boom in Sea State &4
and did so frequently in Sea State 5. The middle segment was
totally submerged about half of the time during tests in the
highest Sea State. At no time was a segment seen to 1lift out
of the water.

i A s RO > i A < 12 i =
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The drag data for tests 1n waves are presented in Figure 10,
along with the data from calm water tests. These data show that
the drag 1s significantly increased by the presence of waves,.

In all other respects the drag in waves is similar to the drag

in calm water.

Data were taken fromaframe-by-frame analysis of motion
plctures to determine the boom motions in terms of angles of
roll <y, pitch B, and yaw a between adJoining segments. The
significant values of the angular motion amplitudes were found
and are presented in Figures 14, 15 and 16. It should be noted
that these angles represent the average angles for a complete
segment length and should be divided by the segment length to

get an angle per unit length or curvature.

Model conflguration, i.e., center of gravity and weight,
and mooring spacing had no discernable effect on the motlions
that were measured. The effect of wave helght, however, 1is
evident and follows expected trends, e.g., higher waves cause

greater motlons.

4, COMPARISON OF ANALYTICAL RESULTS WITH MODEL TESTS

4,1 Static Tests

The "static" program was used to generaté data for an
01l boom with all input parameters corresponding to those in
(calm water) model tests numbers 1, 2 and 3. (See Tables 2, 3,
and 4). The computed and the experimental values of drag co-
efficient are compared in Tabie 6 and the steady-state boom
geometrles In the horizontal plane are presented for comparison
in PFigures 17, 18 and 19.

ot 8 s e =
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!
TABLE 6. - COMPARISON OF MEASURED AND COMPUTED
) DRAG COEFFICIENTS
Model Test Froude Drag Coefficients, CD Difference,
Number Number, FD Measured Computed percent
; 1 0.236 0.215 0.214 0.5
2 0.157 0.240 0.221 7.9
3 0.075 0.275 0.250 9.1
The computed results show, in general, good agreement with A

the model experiments. The computed drag coefficlents agree
within the accuracy of the model measurements (see Figure 10).
The computed boom geometries compare favorably with the model
measurements, agaln consldering the accuracy shown in the model

tests (Figures 4 to 9).

4,2 Dynamic Tests *

The "dynamic" - gram was applied to give statistical
values of pitch angle B and yaw angle o between two points on
a continuous boom, The longitudinal separation between these
two pointsis Just AL, (Ax in Equation(D-19))the link length of
the model boom. The input parameters corresponded to those of

model boom "A" in all other respects.

The calculated significant values of pitch and yaw are
presented In Figures 20 and 21, respectively, as functions of
significant wave height with contours for relative heading
angles of 0, 30, 45, 60, and 90 degrees.

It 18 interesting to
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note the implications of these curves. First, the pitch ampli-
tuce 1s zero at the 90 degree heading and maximum at O degrees
while yaw amplitude 1s zerc at both O and 90 degrees and maximum
around 45 degrees. At 90 degree heading (beam seas) the boom
moves in heave and sway but does not bend 1n either plane. At

0 degrees (head seas) the boom contours the waves with heave and
pitch but has no motion in the horizontal plane. Second, yaw
and pitch increase with increasing wave helght up to some
limiting value. The limiting value, a function of boom heading,
1s related to the maximum slope that can occur (discounting
breaking waves) in the sea.

Unfortunately, model test data do not represent any parti-

cular heading angle. Nominal values of heading angie were found

to be 60, 45 and 15 degrees corresponding to model test data at
significant wave helghts of 4.91, 6.80 and 13.33 feet, re-
spactively. Calculated values of significant pitch amplitude
and yaw amplitude for these parameters are shown along with the
model test data in Figures 22 a2nd 23, respectively,

The agreement between calculated and observed boom motions
in the vertical plane (pitch amplitude) is quite good, However,
observed yaw amplitudes are roughly twice as large as those cal-
culated for the horizontal plane., Two important factors help
to explain the apparant disparity in the relative agreement be-
tween measurements and calculations in these two planes, First,
waterplane srea hes a large elfect on motions in the vertical
plane but virtually no effect in the horizontal plane, The
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waterplane acts like a spring in the vertical direction and
tends to force the boom to follow the contour of the passing
wavetrain. In fact, the waterplane can dominate all other
factors in the vertical plane. Hence, "limber" booms, regardless
of other design details,tend to identically contour the sea. In
the horizontal plane, on the other hand, factors such as virtual
mass, damping and tension tend to have a relatively larger
bearing on boom response to waves. Second, and perhaps more
important, the assumption that the behavior of a section of an
oll boom can be approximated with an element in a straight and
infinitely long (one-dimensional) boom loses validity in the
horizontal plane. The oil boom model, under tow, exhibited a
characteristic U-shaped geometry in the horizontal plane whereas
in the vertical plane the boom is, indeed,a straight-line (in
calm water). In light of these two factors,it is not surprising
that agreement between the model tests and calculations was
better in the vertical plane than in the horizontal plane.

Statistical values of boom height relative to the wave
height (immersion) were also calculated for a boom with param-
eters corresponding to those of model "A". These results indi-
cate that this design would never become immersed., Model ob-
servatiohs,‘on the other hand, showed scme immersion in Sea
State 4 and fraquent cases in Sea State 5 where a wave crest
would pass over sections of the boom. This analytical method
does not account fo> the effects of boom curvature and "choppy”
0i* breaking waves on hoom 1mmersion which may be important con-
siderations for oil containment.

e . ———t——
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5. SUGGESTED METHOD OF USING COMPUTED
DATA IN APPENDICES A AND B

The data in Appendices A and B are in dimensional form.

The input parameters were chosen with the U. S, Coast Guard to
have a range that would be useful in assessing boom designs that
are currently under development. Thus, booms with dimensional

parameters simlilar to those used to generate the data may be

treated directly. However, booms having grossly different sizes !
may also be treated if their non-dimensional characteristics
comrare with the corresponding non-dimensional input parameters
(see Equations 7) through (11)and Table 3). 1In this case, the
computer output data must also be treated non-dimensionally to

obtain the proper scale factors.

To 1llustrate a method of using the computed data, an
exanple problem is presented in the following paragraphs.

GIVEN: A boom with the same characteristics as con-
figiration X (see Table A-1) in a 40-knot wind, l-knot current
and 10-foot waves; total length = 100 feet bhetween two moorings
spaced 80 reet apart and oriented 90-degrees to the wind, cur-
reni. and waves; Young's modulus of boom cylinder material, E =
1000 psi.

FIND: Average mooring loads, average stress due to
bending at the middle of the bdoom, sverage roll angle of the
skirt at the middle, maximum expected stresses induced by waves,

signilicant sway amplitude, and maximum relative submergence,
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ANALYSIS:

(1) The results of the model test drag data suggest

he drag in waves can be estimated from the calm water drag
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drag in waves, 1b

drag in calm water, 1b

empirical constant = 0.42

frequency of maximum wave energy, rad-sec™',

current, ft-sec~?

er way of looking at Equation (14)1s that the term

whax is an effective current = Ve s0 that

(15)

‘ is problem, H§ = 10 ft and:

2%

W s (from Sea State tables) = Perioﬁmx
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Thus,

<3
"

(1)1.689 + 0.42 (10.)0.71

1.689 + 2.96

4,65 ft-sec~?

2.75 knots

No data are available at 2.75 knot current; however, the values
at 2 knots may be extrapolated using the ratio (2.75/2)% = 1.89.
The tension at the ends of the boom for 2 knots (from Test No.

X-0-2-90 Appendix A) is 3420 1b. Thus, tension due to a 2.75
knot current in 10-ft. waves is:

1.89 (3420) = 6450 1b.

Now, add to this the tension due to 40 knot wind (Test No.
X-40-0-90) = 170 1b. to get: average mooring load = 6620 1bs.

(2) The steady state bending moment for this mooring
condition is seen to be independent of wind and current. M = 20
ft-1b at the middle of the boom. The fiber stress due to bending
in the 2-ft, diameter cylinder 1s given by

0= % - E%% , psi (16)

where

¢ = distance from neutral axis to the outermost
fiver, in.

2 « section modulus, in.

s
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Thus,

_ 102 (20-12)12

10°
29 psi
Note that in this boom design, tensile loads are supported by

a cable at the bottom of the skirt.

(3) If we assume that roll angle varies linearly
with drag, the average roll angle at the middle of the boom can
be found using a method analogous to part 1., i.e.,

6 = 1.89 (27.5) + 3.2
= 55 degrees

(At the ends, the average roll angle decreases to about 22
degrees).

(k) From the planview of the boom in Appendix A we
might assume that the most severe bending due to waves will
occur near the ends of the boom. Hence, choose 45 degrees as
the heading angle for dynamic data in Appendix B, The average
tension (6600 1b) is ocutside the range given in the tables, so
extrapolation must be used. The following table lists the
parameters of interest taken from Appendix B.

it
+
-
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Heading Max. Bending Mom. Max. Sway
Angle, Tension, ft-1b Immersion V%
Page deg. 1b. Vertical Horizontal ft. ft.
B-176 | 30 0 80.5 72.5 0.28 |2.49
B-177 30 2000 28.7 53.3 0.91 2.50
B-178 | 30 4000 19.0 43,0 1.25 2.51
B-179 | 60 0 38.7 62.3 0.26 4,31
B-180 | 60 2000 20.6 45.5 0.49 4,32
B-181 60 4000 13.1 37.3 0.74 h,33
Extrap-
olated| 45 6600 11.0 23.0 1.25 3.41
Note: The extrapolated values in this table were obtained

by first interpolating between 30 and 60 degrees.

A conservative estimate of the maximum bending moment is

obtained by taking the vector sum of bending in the vertical &nd

norizontal planes:

Moax " Wdr}ll)a + {23)® = 26 ft-1b

Using Equation (16 ),obtain the maximum fiber stress induced by

waves ¢ = 37 psi.

Add this to the maximum steady state bending

stress to find the maximum expected fiber stress o . . = 66 psi.

O

) By §
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The significant sway amplitude 1s 3.4 feet near the ends
of the boom and 5.0 feet (page B-183 ) at the middle.

The maximum immersion is estimated to be 1.25 feet. This
is greater than the available freeboard (0.87). The correspond-
ing root-mean-square immersion amplitude is 0.38 feet. Probability
theory (assuming Gaussian distribution, Ref. %) predicts that a
boom with this immersion amplitude and freeboard will be sub-
merged at any given point less than 0.01 percent of the time.
However, the model test data indicates that the dynamic program

underestimates immersion in real waves.

6. CONCLUSIONS AND RECOMMENDATIONS

The work done 1n this study shows the feasibllity of de-
veloping a realistic mathematical model to determine loads and
motions of an oll retention boom in a seaway. This model should
provide useful data to ald in the design of o0il retention booms.
However, both the static and dynamic models are limited in their
range of application because of the nature of assumptions made
in developing the models.

The static model is the most general and includes the im-
portant non-linearities. It is, however, limited tc booms
which can be modeled by a continuous elastic beam. Since many
proposed boom designs are composed of a number of relatively
rigld segments connected by limber Jointe, it is recommended
that the static model be extended to cover this type of boom.
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The linearized dynamic analysis 1s the most severely limitad
because of the restrictive nature of the assumptions that were
made., In particular, it was assumed that at any point on the
boom, the wave induced motions and loads on the boom would be
statistically the same as those on an infinitely long, straight
boom with the same mean tension and orientation to the sea. It
was also assumed that fluctuations in tension from wavesare small
compared to the mean tension. The experiments in this study
indicate that neither of these assumptions 1s well Justifieai
and, in fact, under conditions of large seas and little current,
these assumptions may lead to considerable error.

The linearized dynamic analysis also does not permit changes
in hydrodynamic and hydrostatic coefficients which result from
a local change in boom immersion. These changes are important
in determining the performance of the boom in large seas where
the response is highly non-linear and they are vital under con-
ditions where the boom might be completely immersed in a wave
crest or 1ift clear of a wave trough - important factors to
establish, since either will permit the escape of oil. Probably
the greatest limitation of the dynamic analysis is that it pro-
vides no information on fluctuations in tension.

These limitations can be removed by conducting 8 dynimic
analysis in the same manner as the atatie analysis is now done.
This can be accomplished within the framework of the current
static program. With this method, each iteration would represent
a small increment In time, Suffic’wnt iterations would be
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carried out to provide an adequate statistical sample. It is
recommended that such an analysis be carried out if more we-

tailed results are desired.

The model tests conducted in this study show that oil boom
behavior in a seaway can be realistically simulated in a towing
tank. The greatest difficulty with model tests is perhaps con-
nected with the ability to construct a model with the proper
bending characteristics. Analysis of motion data from tests
in irregulér waves is straightforward but very tedious. How-
ever, tests may be conducted in regular weves to ohtain the
motion response amplitude operators, RAO's. The RAGC's may then
be used to predict the statistical motions in any desired wave
spectrum., Bending moments can be predicted from the motions
(curvature). Tension at the ends of the boom can be measured
directly. Stereo photography might be proposed to obtain the
heave response of the model. It is suggeste that model testing
be considered for further development and selection of the

"optimun" oil boom.
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FIGURE 1 - VIEW OF MODEL SHOWING DETAILS OF CONSTRUCTION
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~ APPENDIX A
STATIC OUTPUT

011 boom configuration parameters for input to the static #
program were selected with representatives of the U, S. Coast
Guard. Twelve sets of oll boom physical characteristics were

chosen and are summarized in Table A-1.

Four mooring conditions were investigated for each con-
figuration. In each, a 100-foot (L = 100) length of boom is
fix-moored between moorings spaced 80 feet apart. The moorings
are oriented at 0, 30, 60 and 90 degrees to the direction of
wind and current. The mooring angle 1s defined as that between

the wind and current axls and astralght-line between the two

mooring points.

Eight combinations of wind and current were investigated
for each configuration and mooring orlentation. These are
summarized in Table A-2.

The computed calm water data is presented in graphic form
in figures which follow. Each figure has a coded title which
identifies the input parameters. For example, "TEST NO,
IV-29-2-60" corresponds to Configuration IV, Wind = 29 knots,
Current = 2 knots, and Mooring Orientation = 60 degrees,
respectively.
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] TABLE A-2, STEADY 3TATE SEA CONDITIONS

“
Wind Current *
Configurations Vw, Vc’
b knots knots )
I, 11, V, VI, VII 0 2
o and VIII 15 0 {
- 17 0 and 2
20 2
22 0 and 2
4o 0
0 2
I11, IV, IX, X, 20 2
XI and XJI 22 0 and 2 ]
26 2
29 0 and 2
40 0
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A-4

The steady state boom geometry is shown in plan view
{labelled profile). The X axis 1s parallel and the Y axis is
normal to the wind and current direction. X and Y are non-

dimensionalized by the boom length, L.

The force, moment and curvature are plotted as a function
of X, the length measured along the boom axis (not the same 7
as 1n the plan view). The length 1s non-dimensionalized by the
total boom length, L. The points X/L = 0.0 and 1,0 are at the
ends of the boom where the former is the end which corresponds

to the mooring at the origin in the plan view.

Three different lines are used to delineate forces, moments

and curvatures along the boom in three directions:

TABLE A-3
Direction
Variable Axial Normal Tangential
Force ‘fension (T) | N-shear (SN)| T-shear (ST)
Moment Torque (Q) | T-moment N-moment
(MT) (MN)
Curvature Thetsa* D-beta D-phi
(6) (68) (60)
Note: Theta is roll angle and not a curvature.

These directions and variables are shown in Pigures C-1
through C-3.
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A-5

Each variable has been divided by its absolute maximum
value (along the boom) so that the ordinates of the plots vary
only from -1,0 to +1.0. For example, in Test No. I-0-2-0
tension is divided by 0.3140 E 05. This corresponds to the
ordinate of -1.0 at X/L ~ 0.5. Thus, the (absolute) maximum
tension is -0.314 X 105 near the middle of the boom, 1.e.,

31,400 pounds in compression.

Each figure does not include all of the variables listed
in Table A-3. Those variables which have zero or inconsequential

values are generally not included.

In 2311 cases the boom was represented by 10 elements and
fhe loads and positions were calculated at the Jjunction between
each element and at the boom ends. In cases where the mooring
angle is small the computer plots appear kinked at the down-
stream end. This is because the computer drawn plots are
generated by simply drawingstraight-lines between the computer
points. To obtain intermediate values in these cases it is
Justified to feir a smooth curve through the computed points,

Some difficulty was encountered in obtaining a convergent
soluticon for the most limber booms at a mooring angle of zero,
The resulting data for these cases is somewhat less accurate

than for the other mooring angles. However, these data still
provide the correct level of loading and should be satisfactory
for structural estimates.
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